Large-scale hydrological modelling has become increasingly wide-spread during the last decade. An annual workshop series on large-scale hydrological modelling has provided, since 1997, a forum to the German-speaking community for discussing recent developments and achievements in this research area. In this paper we present the findings from the 2007 workshop which focused on advances and visions in large-scale hydrological modelling. We identify the state of the art, difficulties and research perspectives with respect to the themes "sensitivity of model results", "integrated modelling" and "coupling of processes in hydrosphere, atmosphere and biosphere". Some achievements in large-scale hydrological modelling during the last ten years are presented together with a selection of remaining challenges for the future.
Introduction
Since 1997, a series of annual workshops on large-scale hydrological modelling has provided a forum to the Germanspeaking community for discussing recent developments and achievements in this research area (Bronstert et al., 1998; Fohrer and Döll, 1999; Gerold, 2000; Sutmöller and Raschke, 2001; Stephan et al., 2002; Hennrich et al., 2003; Ludwig et al., 2004; Krause et al., 2005; Barthel et al., 2006; Lindenschmidt et al., 2007) . Here, "large-scale" refers ap-Correspondence to: P. Döll (p.doell@em.uni-frankfurt.de) proximately to study areas between a few thousand km 2 and the whole globe. The interest for large-scale hydrological modelling has increased during the last decade due to the need to sustainably manage large river basins (e.g. according to the European Water Framework Directive) but also due to the pervasive global environmental change. The aim of the 2007 workshop 1 was to evaluate the current state of large-scale hydrological modelling, focusing on the same four themes as in 1998:
1. Sensitivity of model results to uncertainty in input data, 2. Sensitivity of model results to spatial discretisation and information density, 3. Approaches to integrated modelling (integrating natural and social sciences, or water quality and quantity), 4. Coupling of processes in hydrosphere, atmosphere, and biosphere.
Each theme was discussed based on the following three questions: 52 P. Döll et al.: Advances and visions in large-scale hydrological modelling: findings from the 11th Workshop Döll and Fohrer (1999) summarised the outcomes of the 1998 workshop along these questions, presenting state of the art and perspectives of large-scale hydrological modelling at that time. The workshop participants agreed that model calibration to river discharge at the basin outlet does not guarantee that other elements of the water cycle are represented well in their spatial heterogeneity. They considered it necessary to quantify the uncertainty of modelling results, and supported the development of both simple conceptual and complex process modelling approaches to learn about the right degree of complexity required to assess the problem of interest. This paper reflects the discussions and presentations of the 2007 workshop and aims at achieving an overview of the current knowledge and perspectives, and of the advances in recent years. During the workshop, each of the four themes was introduced by an overview presentation, and was discussed in four breakout groups as well as in a plenary session at the end of the workshop. Please note that we cannot provide a comprehensive review of all the important scientific contributions to large-scale hydrological modelling of the last decade but necessarily present a subjective selection. In Sect. 2, we start with an overall look at the advances of large-scale hydrological modelling during the last ten years (focusing on the developments in German-speaking countries), but also at the challenges for the future. In Sect. 3, the three questions posed above are discussed for each of the four research themes, reconsidering the discussions during the workshop. Theme 1 (Sensitivity of model results to uncertainty in input data) and theme 2 (Sensitivity of model results to spatial discretisation and information density) have been merged for this paper, as the topics discussed in these breakout groups were overlapping. In Sect. 3, we also refer to the results of the seven papers that are published in this volume of Advances in Geosciences (Portmann et al., 2008) , and were presented at the workshop as posters.
Ten years of large-scale hydrological modellingachievements made and remaining challenges for the future
During the last ten years, sensitivity and uncertainty analyses have become much more widespread in hydrological model studies even though no standard procedure exists for the integral analysis of different sources of uncertainty (model structure, model parameters, and input data). More and better software has become available for pre-and post-processing of hydrological modelling, including GIS integration and tools for sensitivity and uncertainty analysis. This software allows to handle more input data and to communicate modelling results better. Computing capacity has increased significantly, a prerequisite for most sensitivity and uncertainty analyses.
The availability and quality of input data for large-scale hydrological modelling have improved significantly. These data include many remote sensing products like precipitation from weather radar and satellites, water mass variations from dynamic gravity measurements (GRACE), lake levels, inundation areas and elevation. On the other hand, these data require large-scale hydrological modelling for interpretation. Other data sets have been derived from existing observations and statistical information, e.g. the Global Map of Irrigation Areas (GMIA) or the Global Lakes and Wetlands Data Set (GLWD).
While in 1998, very few modelling groups worldwide worked on global hydrological issues and the global hydrology and water use model WaterGAP was just being developed (and "exotic" among the catchment hydrology models), 10 years later global hydrology is well established not only by an advanced version of WaterGAP (Döll and Fiedler, 2008) but also by, for example, LPJmL, a dynamic vegetation model which now includes state-of-the-art hydrological modules (Gerten et al., 2004; Rost et al., 2008a) . With their range of global hydrology models, Japanese researchers around Taikan Oki (e.g. Oki and Kanae, 2006) , and, in the USA, the groups of Dennis Lettenmaier (e.g. Haddeland et al., 2007) and Charles Vörösmarty (e.g. Fekete et al., 2006) help to improve our knowledge about global hydrology, for example with respect to water scarcity and the influence of humans on the freshwater system, including land cover change and reservoirs. Land surface models now include a much improved representation of terrestrial water flows. They are particularly useful for assessing the feedbacks between water and climate even though they are generally still run in an offline-mode, without two-way coupling to the climate model, due to computational cost and the low skill of climate models to simulate observed precipitation. For regional and smaller scales, there exist examples of two-waycoupling, even between atmosphere and groundwater 2 . In 1998, nutrient (N, P) transport models only existed at scales up to the river basin scale, while now there are a number of global-scale models (e.g. Wollheim et al., 2008; Seitzinger et al., 2005) .
Finally, a definite development with respect to the publication language of the Workshops on Large-Scale Hydrological Modelling can be observed. While ten years ago, the majority of manuscripts, including the overview paper of Döll and Fohrer (1999) were written in German, all manuscripts are now in English (Portmann et al., 2008) . This reflects the wish of the German-speaking community of large-scale hydrological modellers to communicate their results internationally.
Many challenges remain that need to be tackled in the future to improve the significance of large-scale hydrological modelling. At the 1998 workshop, the research need to develop general and transferable rules for spatial scaling and discretisation was identified. The goal was to avoid that time-consuming sensitivity analyses with respect to spatial discretisation, requiring spatially highly resolved information, had to be done for each new investigation area. However, until now, nobody has come up with general rules; moreover, research on the topic of scaling has only shown that sensitivities to spatial and temporal resolution are modeland area-specific (see also Bormann et al., 2008) .
With respect to data, quantifying of and coping with the uncertainty in precipitation remains the major challenge for large-scale hydrological modelling. Uncertainty is due to observation density, spatial and temporal interpolation methods and measurement errors but also, in the case of climate change studies, due to the low skill of climate models in computing precipitation. Soil moisture information derived from satellites remains very difficult to use. Even though efforts to measure soil moisture from space began more than 10 years ago, until now, the low effective soil depth for which the measurements are representative (a few centimetres) and the impossibility to measure soil moisture under forest canopies has hindered the wide-spread application of these data in large-scale hydrological modelling (compare Wagner et al., 2003 (compare Wagner et al., , 2007 . Still more efforts should be spent on increasing data availability, improving data quality and filling gaps in historic data sets, e.g. by running global data centres. It is absolutely necessary to maintain the existing hydrological and meteorological measurement networks in order to collect continuous time series for the analysis of hydrological change.
With respect to coupling, the large grid cell sizes of climate models, which have not decreased much during the last ten years, still make coupling to terrestrial hydrology difficult, at least at the global scale. At the regional scale, where regional atmospheric models can be run at approximately 10 km spatial resolution, coupling is limited by the length of the simulated time periods. While hydrological models (except flood models) focus on years to decades, regional atmospheric models are run for days to several weeks only. Continued efforts to extend coupled or integrated modelling are required to address many urgent societal problems (e.g. climate change, water for nature, water for food).
A major challenge is to find efficient ways to analyse the extensive output of large-scale hydrological models or coupled/integrated models, and to present the results in a transparent way to the intended audience. Communication of the uncertainty of model results to clients and the public is also crucial but challenging.
To successfully set up and run models as part of a learning process (about the system and how it changes) requires developing new approaches where continued observation and modelling go hand in hand (Beven, 2007) . Post-audits are a means to learn from past model predictions. Large-scale models can be the basis for "integrated environmental models of everywhere", if they can be refined for the specific place of interest when more detailed data and improved process knowledge become available (Beven, 2007) . Thus, we could formulate as a challenge for future large-scale modelling to set up models in such a flexible way that 1) different processes/compartments can be switched on or off and 2) nesting of finer-scale models within large-scale models is possible, such that also the information available at larger scales (or in the environment of the nested area) can be taken into account. In addition, further work on scaling behaviour and parameterization of sub-scale variability is needed. Such approaches would enable modellers to use appropriate process descriptions and complexity for different regions, scales or goals of a study.
3 Specific findings for the themes "sensitivity of model results", "integrated modelling" and "coupling of processes in hydrosphere, atmosphere and biosphere"
The workshop participants focused on discussing, in breakout groups but also in the plenary, state of the art, difficulties encountered and research perspectives for the themes "sensitivity of model results", "integrated modelling" and "coupling of processes in hydrosphere, atmosphere and biosphere". The results of this work are summarised this section.
Sensitivity of model results
Model results are sensitive to 1. input data (including spatially and temporally varying model forcing like climate and emissions, spatially varying soil and vegetation characteristics as well as model parameters), which can be uncertain due to measurement, interpolation and other errors 2. spatial and temporal discretisation of the model and the information density of input data 3. model structure.
State of the art
In hydrological modelling, model calibration against observed river discharge has traditionally been a popular method to increase model skill, by identifying a set of parameters that results in the best fit to observed discharge. It is now recognised, however, that this kind of calibration is not likely to significantly reduce uncertainty and to result in deterministic predictions that form an appropriate basis for water management decisions. By adjusting a large number of parameters, it might be possible to obtain a good fit even if the model structure is not appropriate, such that calibration may even prevent an improved system understanding. While equifinality (different parameter sets leading to very similar computed river discharge, Franks et al., 1997) is a major problem, there are many other challenges, including the need to predict other variables of the water cycle like 54 P. Döll et al.: Advances and visions in large-scale hydrological modelling: findings from the 11th Workshop evapotranspiration and the need to assess the hydrological behaviour of ungauged basins. Therefore, sensitivity and uncertainty analyses are generally regarded as a necessary means to obtain an improved understanding of the model and the modelled system. Thus, it is state of the art to try to characterise model sensitivities (but mostly only a rather restricted subset of all sensitivities) such that deterministic model results can be complemented by qualitative or quantitative uncertainty estimates.
Today, many methods as well as software tools for sensitivity analyses are available. They can be grouped into rather simple local methods like those implemented in the software package PEST (Doherty and Johnston, 2003 ; http: //www.sspa.com/pest/), which only compute the sensitivity to one parameter at a time, and more complex and computationally expensive global methods (mainly Monte-Carlo analyses), which account for parameter correlations and allow to determine the most sensitive parameters (Saltelli et al., 2000; Tang et al., 2007) . SimLab (http://simlab.jrc.ec.europa.eu/) is a state-of-the-art, free development framework for sensitivity and uncertainty analysis. For simple hydrological models, global sensitivity and uncertainty analysis can be combined with model calibration (Muleta and Nicklow, 2005) . Besides, straightforward graphical representations of differences in model output remain popular to show sensitivities of model output to uncertain spatially and temporally varying model forcings like precipitation (Döll and Fiedler, 2008) and model structure . Tools for quantitative comparisons of gridded data are available (Visser and de Nijs, 2006) . Spatial model discretisation can, but need not, affect model results significantly. Model discretisation often is chosen according to the spatial resolution of the available input data, but effects of changes in model discretisation and spatial resolution of the input data may have different and model-specific effects on the simulation results. It is generally expected that a better spatial resolution of input data increases model performance. Kuo et al. (1999) discussed the effect of different grid sizes on soil water content for a spatially explicit hydrological model. Input data were topography, soil type, and land use, and grid sizes were varied from 10 to 600 m. The authors found that model results showed higher average soil water contents and higher evaporation rates for large grid sizes. Booij (2005) analysed the impact of choosing a different number of sub-catchments on discharge behaviour modelled by the HBV model. The number of subcatchments was 118, 15, and 1. The fit of modelled to observed discharge only improved slightly if the catchment was subdivided. Bormann et al. (2008) compared the effect of input data resolution (50 to 2000 m) on simulated catchment water flows of three hydrological models: SWAT (Arnold et al., 1998) , WASIM (Schulla, 1997) and TOPLATS (Peters-Lidard et al., 1997) . The study revealed that different models showed different sensitivities to data resolution. While the grid-based models showed acceptable results up to 500 m grid size, the SWAT model (which is based on hydrological response units and subcatchments) was more sensitive resulting in a threshold of 200 m grid size. Subcatchment discretisation was assumed to be the main reason for the higher sensitivity of SWAT.
Chaplot (2005) investigated the impact of spatial information density on hydrological model results. Looking at DEMs with spatial resolutions from 20 to 500 m and soil maps at scales of 1:25 000, 1:250 000 and 1:500 000 he found that model results did not improve for DEM grid sizes of 50 m and smaller. High-resolution soil maps were more important for modelling nitrogen and sediment yields than for modelling runoff. Barthold et al. (2008) and Petersen et al. (2008) presented approaches for dealing with uncertainties resulting from low information density. Using geochemical data, Barthold et al. (2008) made a first step to identify dominant hydrological pathways and processes in a datapoor region in Mongolia. Petersen et al. (2008) , using a hydrological model, employed lake level time series and macroscale precipitation data to extrapolate flows of the river Nile into the Sudd Swamps after 1983, when gauge observations stopped.
Weiß and Menzel (2008) and analysed the uncertainties related to model structure. Weiß and Menzel (2008) found significant differences between global scale estimates of potential evapotranspiration derived by four different methods, but available information did not facilitate identification of the best estimation method. For the Jordan River basin, they showed the large uncertainty of actual evapotranspiration as computed by either the WaterGAP Global Hydrology Model or the regional model TRAIN (Menzel, 1999) . For two basins that were modelled in a lumped manner, explored the impact of model structure by comparing model results that were obtained by different combinations of modules (which also reflected different spatial resolutions of input data) to time series of observed river discharge. They found that models with only one module in addition to the basic model structure showed -almost -the best performance, and neither the simplest models nor the models with a large number of additional modules. Both the appropriate basic model structure and the additional module were observed to be catchment specific, and the additional modules were assumed to represent regionally different but important hydrological processes. Their results are consistent with the idea of "appropriate complexity" for modelling, as additional processes, even if well understood in general, lead to the need to estimate even more location-specific model parameters (Beven, 2007) .
A new way to quantify model output uncertainties due to a combination of the three uncertainty categories given above is to analyse multi-model ensembles. In the framework of global climate change and its impacts on terrestrial water (runoff, soil moisture), the results of climate model runs from a variety of models (and model runs) have been combined, and the resulting ensemble mean changes are enhanced by indicators of inter-model variance (Bates et al., 2008; Sect. 2.3 ). For regional climate models over Europe, the multi-model ensemble mean has been shown to have a better performance than individual model results, and this regional ensemble was used to drive hydrological models (Christensen and Christensen, 2007; Graham et al., 2007; Hagemann and Jacob, 2007) . In meso-scale hydrological modelling, multi-model ensembles have been proven to be useful for the reduction of predictive uncertainty as well. Viney et al. (2005) and Bormann et al. (2007) showed that predictions based on simple multi-model ensembles such as the mean or the median of daily discharge predictions outperformed the best individual models calibrated for a mesoscale catchment (Dill basin, Germany, 693 km 2 ). Particularly for the validation period, multi-model ensembles reduced the predictive uncertainty by improving performance measures such as Nash-Sutcliffe efficiency, coefficient of determination, root mean squared error and bias.
Difficulties
Currently, no advanced methods are available for analysing the sensitivity to spatially distributed model input (e.g. precipitation, irrigated areas), like it is possible for spatially constant parameters and model algorithms with SimLab. This is partially due to the fact that there is not enough information to quantify the spatial correlations of the frequency distributions of grid cell values. Currently, it is only possible to evaluate the different model outputs that result from the use of different distributed input data sets. Another difficulty is to quantify uncertainties related to "soft" expert knowledge and to classifications done by experts (e.g. classifications of soil units). Besides, uncertainties due to spatial and temporal interpolation of point data, e.g. of precipitation measurements, cannot be considered satisfactorily.
To decrease the uncertainty related to model structure, a better understanding about which processes are most relevant at what spatial scales, and how process conceptualisations are related to scale would be necessary but is lacking. In addition, rules for optimal model (and input data) discretisation are missing (but may not be achievable except for specific locations and models).
Data availability and accessibility still are major problems, for example concerning data on groundwater, water use or reservoir management. But also access to basic hydrological data such as precipitation and river discharge partly is still difficult, even if important improvements have been achieved due to data made available by international data centres (Global Precipitation Climatology Centre GPCC, Global Runoff Data Centre GRDC, International Groundwater Resources Assessment Centre IGRAC) and remote sensing (radar altimetry, terrestrial and space-borne precipitation radar, GRACE dynamic gravity fields etc.).
Research perspectives
It appears to be necessary to extend and enhance sensitivity and uncertainty analyses in large-scale hydrological modelling. For example, we need to find out how sensitivities change with temporal and spatial scales. Guidelines should be created advising model users which tool is appropriate for which kind of sensitivity and uncertainty analysis. Subsequently, methods could be chosen from a "toolbox" that will likely have to be specific for classes of models (e.g. water quality vs. quantity). Not only complete discharge time series should be analysed, but also characteristic periods, the selection of which depend on the objective of the model application (e.g. drought analysis, flood analysis, water balances). Similar to the case of climate models, ensembles of global and regional hydrology models should be analysed, as such comparisons allow for 1) characterising the uncertainty of model outputs and 2) improving models. A discussion on "rules for good calibration practice" as well as on standard procedures for uncertainty analyses should be initiated within the international hydrological community in order to provide a common methodological inventory for hydrological modelling studies.
Models should be set up in a modular way such that model runs with different modules being switched on, when compared to observed data, can easily help to increase system understanding and the selection of the appropriate model structure (see also Such flexible modelling setups would allow modelling to truly become a learning process (Beven, 2007) . They do require, however, a thorough consideration of data exchange and calibration procedures as these depend on the selected "switch". Previous efforts for modular modelling systems like MMS-PRMS (Leavesly et al., 2005) need to be reflected critically.
To decrease uncertainty of large-scale hydrological modelling results, new remote sensing information should be taken into account, including data on inland water levels, inundation areas and total water storage changes (the latter are available from the GRACE satellite mission but only at a spatial resolution of 100 000 km 2 , approximately). This also enhances the possibility to calibrate hydrological models not only against discharge at the catchment outlet but also against spatial (and temporal) patterns of hydrological fluxes or state variables, such as evapotranspiration or water storage. Global data centres are needed that provide quality-checked, consistent data, e.g. for lakes, reservoirs, water use and ecology. The metadata should include data uncertainties (as done, for example, for the Global Map of Irrigation Areas, http://www.fao.org/nr/water/ aquastat/irrigationmap/index10.stm). 56 P. Döll et al.: Advances and visions in large-scale hydrological modelling: findings from the 11th Workshop 3.2 Approaches to integrated modelling (integrating natural and social sciences, or water quality and quantity)
The term integrated modelling, in its narrower sense, can be defined to relate to a coupling of environmental (physical, chemical, biological) models (e.g. hydrological or habitat models) to models that cover systems that are outside the realm of natural sciences (e.g. economic or actor-based models). In the context of the workshop, models that include both water quality and quantity were also discussed.
State of the art
Integrated modelling of climate/terrestrial water/water use/land use/agro-economy at the meso-scale (e.g. large river basin, countries or first-order subnational units) is state of the art (e.g. WAVES, Döll and Krol, 2002; Krol et al., 2003; SFB 299, www.sfb299.de; GLOWA projects, www.glowa.org) .
There are some problems of intrinsic differences in spatial scales, however, e.g. between socio-economic and hydrological spatial units, climate and hydrology or between groundwater and surface water. Within an integrated modelling framework, the hydrological model should be able to compute well all components of the terrestrial water cycle and their variability (e.g. both low flows and high flows, and soil moisture) because it is these components that may specifically drive other parts of the integrated model. Economic modelling is a popular way to include humans as a component of the water system. However, it is recognised that humans do not always behave such that the overall net benefit is optimised, due to, for example, a more complex set of values, a lack of knowledge, or different world views (Ebenhöh and Pahl-Wostl, 2008) . Agent-based modelling (ABM), for which various software tools are available (e.g. CORMAS, http://cormas.cirad.fr; FAMOJA, http: //www.usf.uos.de/projects/famoja/) takes this fact into account. A wide variety of different ABM approaches exist (Hare and Deadman, 2004) . Actor-based modelling (Döll and Döll, 2006) with the DANA software (http://dana. actoranalysis.com/) is a type of ABM in which the problem perspective (or world view) of societal actors (i.e. their goals, and the related factors, prospects and possible actions) is analysed. It allows determining, in a semi-quantitative way, the preferred actions of the various actors in the problem field, which can then serve to model the decisions of the actors (agents) and the resulting changes in the environment. Currently, the objective of ABM is not to predict system behaviour but to improve system understanding and learning, in particular during participatory processes. ABM is often applied in the context of land use change modelling (Castella and Verburg, 2007) . Actor-based modelling was used to identify sustainable strategies in the problem area of trace compounds in surface waters, as part of an integrated modelling approach which also included a fate and transport model in a mesoscale basin. Thus, it was possible to support the quantification of driving forces in scenario analyses .
Modelling of nitrogen transport and fate is widespread and rather successful at small scales, even though the impacts of wetlands and lakes in lowlands are not well understood (Schmalz et al., 2008) . However, extrapolation of different, well-established small-scale models of nitrogen leaching from agricultural soils, including their parameters, to larger scales (tens of thousands of km 2 ) leads to very different estimations of leaching (Haberlandt et al., 2002) . A few global nitrogen models of varying complexity exist (Seitzinger et al., 2005) . Different from smaller scales, a major uncertainty at the global scale is land use including fertiliser input and yield modelling. Currently, water quality models of total nitrogen (Van Drecht et al., 2005) , salt and oxygen content of surface waters that are based on the WaterGAP model are being developed.
Difficulties
There is a risk of uncertainty accumulation in integrated modelling. Currently, there are no tailored tools for uncertainty analysis in integrated modelling, and there is no integrated modelling study with a comprehensive characterization of uncertainties on a hydrological topic (for a quantitative-qualitative uncertainty assessment on integrated energy models using the NUSAP approach, a method to describe the quality of information, see van der Sluijs et al., 2005) . A challenge for integrated assessments is to communicate complex integrated modelling approaches and results in a transparent and client-specific manner.
Water-related societal problems are often linked to the way society deals with extreme events. Therefore, it is important to understand how humans respond, e.g. with respect to water use, or to variable hydrological conditions. For instance, drought-driven increases in crop prices may drive irrigation to increase, enhancing drought impacts.
The future of water resources and quality is strongly dependent on land use. While global and regional land use scenarios have been derived by a variety of land use models, irrigated land use (with a variety of management practices) and its effect on yields and water resources, but also the effect of water availability on irrigated agriculture have not been considered satisfactorily, at least at the global scale.
Research perspectives
For analysis of uncertainty due to spatially distributed parameters or input data, hydrologists should seek methodological advice from mathematicians (e.g. to be able to set an error band of 50% per grid cell and of 10% per aggregated river basin). The most important output variables of integrated modelling exercises should be validated jointly, and against historic time series if available.
In integrated modelling, there should be a focus on the effects of coupling of relatively simple model components. Similar to the research needs expressed in Sect. 3.1.3, at least as much effort should be spent on learning from integrated modelling (e.g. on model structure uncertainty) as on improving models. One goal of models (including hydrological, agent-or actor-based, or integrated) is decision support, for example in participatory processes. Research should be performed to see under what conditions modelling actually improves the participatory process and the identification of sustainable strategies.
Agent-or actor-based modelling of e.g. water use may give additional insights to identify key research requirements for large-scale hydrological modelling in the framework of integrated modelling, for example with respect to the representation of variability including floods and droughts (rather than restricting the validation of hydrological models to one overall skill measure). In agent-based modelling, models are regularly constructed in a bottom-up way, unravelling the individual's decision making into series of steps and schematising each of them. The appropriate validation approach for such models should not only concern the representation of the steps but also the plausibility of the resulting behaviour (similar to validation of process-based physical models). More research into how to simulate processes of cognitive and social learning in agent-based modelling would support the identification of sustainable management strategies.
3.3 Coupling of processes in hydrosphere, atmosphere, and biosphere
State of the art
Coupled models are needed for analysing future changes in hydrological and associated systems, and especially for analysing feedbacks between the hydrosphere and other spheres of the earth system. With respect to coupling hydrosphere, atmosphere and biosphere at large scales in models, it is state of the art that two of the three compartments are coupled (e.g. hydrosphere and terrestrial biosphere in dynamic global vegetation models, Gerten et al., 2004) , while only in a few cases atmosphere, hydrosphere and biosphere are all coupled consistently (Raddatz et al., 2007) . Land use data remain a necessary input to these coupled models. Some biosphere models can simulate dynamic changes in natural vegetation (Sitch et al., 2003) . Water quality is, in general, not taken into account. There is currently no spatially explicit model available which integrates over all ecospheres and the anthroposphere (i.e. a true earth system model). For coupling, either new models have been developed or existing models have been strongly adapted. Adaptation has been necessary to avoid that some processes (e.g. in the soil) are modelled inconsistently or incorrectly, or that they are duplicated.
To assess the impact of hydrological changes on freshwater ecosystems, coupling of hydrological, hydraulic and ecological models is needed. While the coupling of hydrological and hydraulic models is rather well established, the link to aquatic ecology is not. Modelling of habitat requirements and biological changes of freshwater ecosystems at larger scales is only in its infancy, though first global approaches exist (Smakhtin et al., 2004) . However, in the case of high data availability, advanced analysis of the relationship between flow regimes and species composition is possible (Kennen et al., 2008) . For a macro-scale analysis of environmental water requirements in all of China, Zhang and Döll (2008) could not yet couple ecological impacts to modelled alteration of river flow regimes due to restricted data availability. They only computed river flow alterations that are caused by man-made reservoirs and human water abstraction, to show where habitat quality is severely decreased. Rost et al. (2008b) examined human alterations of the terrestrial water cycle caused by land management, using a dynamic global vegetation model (LPJmL, Bondeau et al., 2008; Rost et al., 2008a) for both natural vegetation and crops, which includes a good representation of hydrological processes as linked to ecological/biogeochemical processes. This study quantifies past and potential future changes in evapotranspiration and river discharge in response to selected scenarios of land use and climate change.
Difficulties
In most cases only a one-way coupling is realised, and model couplings generally need to be improved. Existing models are often not suitable for coupling because of different spatial and temporal scales, and also because model consistency must be maintained. For example, most hydrology models do not compute energy balances, but this is a prerequisite for the coupling to atmosphere models.
There still is a lack of data in terms of input data and validation data for coupled models, especially since these require validation not only of discharge but also of other processes such as leaf phenology or net primary production, for which large areas are unobserved. Also, severe errors occur in observational data. This refers to hydrological as well as nonhydrological data (fertiliser, irrigation, crop type, land use etc.). Currently, data uncertainties cannot be quantified satisfactorily. These circumstances pose a particular problem for the multi-variable validation necessary to test the performance of coupled models.
Direct CO 2 effects on transpiration have been characterised well in laboratories and at field scales, but it is still uncertain how to transfer these adequately to larger scales. This is particularly due to interactions with water availability, regional climate, nutrients and ozone. Given this uncertainty, effects of increasing CO 2 concentration on transpiration and, thus, on runoff and discharge cannot be quantified with confidence. The fraction of photosynthetically active radiation absorbed by vegetation (fPAR) is derived from satellite imagery, but leaf area index (LAI) is requested by many models. Thus global LAI data sets should be provided directly from satellite imagery instead of deriving LAI from secondary satellite products such as global land cover maps (see e.g. Hagemann, 2002) .
Research perspectives
In coupled modelling, water quality and water temperature are new areas which need further research. Continued efforts should be made to develop the feedback system atmospherehydrosphere-biosphere (including anthropogenic impacts). This encompasses the development of specific data sets (including appropriate interpolation methods). The development of coupled models should be supported by research projects involving several disciplines (like the BALTIMOS project, www.baltimos.de). Systematic research on model complexity is needed with the aim to select the most appropriate model for a given research question. Ensemble runs are useful to evaluate model performance. Different models, scenarios, input data, and parameters can be used for ensemble analyses. New methods should be developed for separating trend and variability in time series, for processes at different time scales.
Estimation of evaporation from land can be improved by combining modelling with satellite and other data, e.g. soil moisture estimates via GRACE, regionalisation of flux tower observations with the aid of MODIS (Moderate Resolution Imaging Spectroradiometer) data or LAI. In order to achieve an integrated evaluation of the relation between hydrology, hydraulics, and habitat in surface waters, as required, for example, by the EU Water Framework Directive, knowledge about the impact of surface water structure, water quality and streamflow dynamics must be improved. Currently this knowledge exists for selected areas only, and improved methods to link hydrology/hydraulics models and habitat models in data-poor areas need to be developed (Arthington et al., 2006) . To accomplish this, interdisciplinary cooperation between hydrological and ecological modellers is necessary.
Final remarks
This short review on eleven workshops representing more than ten years of research in the field of regional and largescale hydrological modelling in Germany has shown that substantial progress has been made in the description of large-scale hydrological processes. For the themes discussed during the 11th Workshop (uncertain input data, scale effects, integrated modelling and model coupling), workshop participants identified the remaining difficulties as well as promising research perspectives. Further progress in large-scale hydrological modelling will be reviewed in future work-shops. The 12th Workshop on large-scale hydrological modelling will be hosted by Kiel University from 12-14 November 2008.
